Abstract-The total ionizing dose response of Ge channel FETs with raised source/drain is investigated under different radiation bias conditions. Threshold-voltage shifts and transconductance degradation are noticeable only for negative-bias (ON state) irradiation, and are mainly due to negative bias-temperature instability (NBTI). Nonmonotonic leakage changes during irradiation are observed, which are attributed to the competition of radiation-induced field transistor leakage and S/D junction leakage.
Total Ionizing Dose Effects on Ge Channel FETs with Raised Source/Drain Fig. 1 . STEM cross section of Ge FETs studied in this work. The material for the channel is germanium, with for the raised source/drain. Shallow trench isolation (STI) is used for interdevice isolation.
degradation in Ge FETs with Ge highly-doped drains and halo implantation, under positive-gate and transmission-gate bias conditions [5] [6] [7] [8] . For those Ge FETs, the off-state current increased and the on-state current decreased with total ionizing dose. Therefore, the ON-OFF current ratio decreased with increasing dose [5] [6] [7] . The mechanism for increased leakage was associated with radiation damage at the interface of the S/D junctions and the isolation regions, where radiation-induced charges and/or surface states can enhance the S/D junction peripheral leakage current [5] [6] [7] .
This work reports the 10 keV X-ray radiation response of Ge FETs with raised SiGe S/D, as a function of bias conditions. Worst-case irradiation bias is shown to be the ON condition, but most of the threshold-voltage shift and transconductance degradation during irradiation are caused by negative bias-temperature instability (NBTI). Differences in leakage current response are observed, compared with previous work [5] [6] [7] [8] , and the mechanisms for these differences are analyzed.
II. DEVICE DESCRIPTION AND EXPERIMENTAL SETUP
Ge FETs were fabricated on -type 300-mm Si wafers. Shallow trench isolation (STI) is used for interdevice isolation. The active device is formed by growing a thick ( nm) layer of germanium on a silicon substrate. A thin ( nm) silicon cap layer is formed on top of the germanium to passivate the surface, which has been shown to enhance device reliability [9] [10] [11] [12] . [13]. A scanning transmission electron microscope (STEM) cross-section of the device is shown in Fig. 1 . The equivalent oxide thickness (EOT) value of the gate dielectric is nm. All the devices used in this work have dimensions of m, nm. Devices were irradiated at the wafer level with a 10-keV ARACOR X-ray source at a dose rate of krad min at room temperature. Four bias conditions, i.e., ON, OFF, transmission-gate (TG), and zero bias, were used during irradiation or stress. The detailed biases for each condition are listed in Table I . Device characterization was performed before irradiation, and after step-stress irradiation to doses from krad to Mrad , with an HP 4156A Semiconductor Parameter Analyzer. All the IV curves were acquired by sweeping from 1 to 1 V with held at mV. Threshold voltage, transconductance, leakage current and ON-OFF current ratios of the devices were derived from these IV data. Leakage current ( ) was defined as the drain current when V, to compensate for the relatively positive starting threshold voltages of these development-stage test structures, and the on-state current ( ) was defined as the drain current when V.
III. RESULTS AND DISCUSSION
For a TID-irradiated Ge pMOS device, threshold voltage ( ), transconductance ( ) and off-state leakage ( ) are usually the most important parameters [5] [6] [7] [8] , [14] . The radiation-induced changes in these quantities are reported here.
NBTI is a serious reliability problem in modern semiconductor devices and may cause notable changes in threshold voltage and transconductance [15] [16] [17] , though it was reported that Ge or SiGe channel devices can be superior to Si devices with respect to NBTI [9] [10] [11] . Biased devices undergoing irradiation also suffer bias temperature instability (BTI) to some extent [14] , [18] . For this reason, BTI effects are subtracted from test results when necessary during analyses, to obtain the pure TID response. Fig. 2 shows the change of drain current ( ) and transconductance with total dose up to Mrad , under four bias conditions. Although there is at largest about 50% variation of preirradiation characteristics among the devices, test results show that shifts and degradation are noticeable only for the ON bias condition, while off-state or subthreshold current changes similarly for all four bias conditions. The shifts for different bias conditions were extracted and the results are shown in Fig. 3 . For conditions other than ON bias, both and change negligibly, which indicates that the radiation-induced oxide-trap charge and interface trap densities for these cases are very low. For the ON-bias condition, the characteristics of the devices show much larger changes, which are attributed to an increase of oxide-trap charge and interface traps during irradiation.
A. Threshold Voltage and Transconductance
To evaluate the influence of BTI on Ge FETs, we tested the characteristics of these devices under different stress biases. The threshold-voltage shifts are shown as a function of stress time in Fig. 4 . Similar to the TID results, only ON-bias stress produces observable , which is attributed to NBTI, while the other bias stresses produce almost no . Consequently, we will only consider the BTI effect with ON bias, i.e., NBTI, and neglect BTI effects with other biases, in the following analyses and discussion. , which is attributed to NBTI, while other bias stresses produce almost no .
Two devices with very similar preirradiation characteristics were selected for TID-NBTI comparison. The experimental setup for the two devices was the same except that one device (A33) was irradiated during negative-bias (ON-bias) stressing, while the other device (A5) was only electrically stressed [14] . The changes and shifts of both devices are shown in Fig. 5 . The two variables, stress time and irradiation dose, are equivalent for each step in Fig. 5 , since the dose rate was krad . Devices in both tests show approximately the same changes for all time steps, indicating that the degradation in the TID-tested device is mostly (if not all) due to NBTI. Similarly, as shown in Fig. 5(c) , the NBTI-induced shift is relatively large and dominates the shift of the TID-tested device. Subtracting the NBTI effect from the TID test result, as indicated by the "extracted TID" curve in Fig. 5(c) , illustrates that the shift induced by radiation is much less than that due to NBTI. The pure TID-induced shifts are similar for all bias conditions, with the largest shift of about 10 mV.
B. Leakage and On-off Current Ratio
For these Ge FETs with raised S/D, the leakage and on-off current ratio changed during irradiation in a different way from previously studied, embedded S/D Ge devices [5] [6] [7] . Fig. 6 shows TID and NBTI-induced leakage (
) and on-off current ratio ( ), respectively. NBTI did not affect either or significantly, while irradiation resulted in nonmonotonic changes, that is, decreasing-then-increasing and increasing-then-decreasing . Other devices with different bias conditions showed similar trends.
We now consider why the TID-induced leakage does not change monotonically with increasing dose. As positive charge is trapped in the field oxide (STI in this case) during irradiation, the of MOS parasitic field transistors shifts negatively. This process is similar to shifting the of an intrinsic FET, as illustrated in Fig. 7 . The of the parasitic transistors, which is difficult to test directly, may shift much faster and by a greater amount than that of the intrinsic transistor, given that the STI oxide is much thicker than the gate oxide. The result is that the parasitic field transistors turn off more strongly, leading the leakage current to decrease at lower doses.
As found in Ge devices before, radiation enhances S/D junction leakage, leading to an increase in the drain leakage. To confirm this, we directly tested the characteristics of the drain/nwell junction diode. The test setup was the same as in the test of a FET, except that the source was floating in this diode test. The result is given in the inset of Fig. 7 . The diode leakage at V with dose is also plotted in Fig. 7 . Both of them show that for this Ge FET, S/D junction leakage increases with dose, and contributes to the increase in the device leakage at higher doses. In previous studies, this leakage increase was attributed to the radiation-induced charges and/or surface states at the interface of the drain junction and isolation oxides, which in turn increased the surface generation current, leading to enhanced leakage with increasing TID [5] [6] [7] , [19] .
This nonmonotonic response in leakage current in Fig. 7 contrasts with previous results on earlier-generation Ge FETs for which the leakage increased monotonically with increasing dose. This is likely due to the differences in S/D processing, as illustrated schematically in Fig. 8 . Compared to the embedded S/D structure [ Fig. 8(a) ] in the Ge bulk used for the devices employed in previous work, the raised S/D used in this work [ Fig. 8(b) ] has much less interface contact area with isolation oxides, so there should be less influence of radiation-induced interface charges and/or surface states on leakage current in these devices than observed in previous studies. Thus, in contrast to previously studied Ge FETs, S/D junction leakage no longer dominates the change in off-state leakage current. The decrease of field-transistor leakage and the increase of S/D junction leakage are comparable in magnitude (Fig. 7) , leading to a nonmonotonic response. At lower doses the decrease in field oxide leakage with increasing charge trapping in these MOS field oxides (turned off harder by radiation exposure) dominates the response, and at higher doses, the S/D leakage current become more dominant. [7] , and (b) a raised source/drain (this work). The raised S/D used in this work has less interface contact area with isolation oxides. Some process details are omitted in these diagrams for clarity.
We must also consider the potential impact of positive trapped charge in the gate stack. An increase in this charge will result in an increase in the threshold voltage and a decrease in the intrinsic channel leakage. However, from the NBTI results shown in Fig. 6 , it is clear that the channel leakage reduction that is caused by TID or NBTI-induced traps in the gate stack is too small to cause significant changes in the leakage current. Thus, we conclude that, for the devices used in this study, the combination of the decrease in field oxide transistor leakage associated with hole trapping in the STI of a FET, and the increase in S/D junction leakage due to interface and/or surface traps, lead to the observed nonmonotonic change in leakage with increasing dose.
IV. CONCLUSIONS
Threshold-voltage shifts, transconductance degradation, and leakage current changes are reported for Ge FETs with raised S/D under different irradiation bias conditions. The relatively large and changes after ON bias irradiation are mainly due to NBTI, while and changes for other bias conditions are negligibly small. Nonmonotonic leakage change with increasing irradiation dose is attributed to two competitive factors, i.e., radiation-induced field transistor leakage and S/D junction leakage. From an application point of view, neither of these radiation-induced characteristic changes would have noticeable influence on circuit function and performance. If the intrinsic reliability of these Ge devices can be further improved, given their advantage in performance, they are likely to have significant promise for space applications.
